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Abstract 
The hydroclimate of the Snowy Mountains, south-east Australia (SEA), is influenced by 
tropical and extra-tropical synoptic scale weather systems. Accordingly, it is sensitive to any 
changes in the mid-latitude westerly wind belt, the dominant driver of precipitation in 
winter, and the entrainment of moisture from tropical latitudes, particularly during the 
warmer months of the austral summer.  
The region has historically observed a cool-season (April – October) dominated precipitation 
regime. However, evidence is presented of a decline in precipitation during the autumn and 
spring transition months.  Autumn precipitation is particularly important for crop sowing 
and agricultural production in the Murray-Darling Basin downstream of the Snowy 
Mountains, while spring precipitation influences snowmelt and water storage 
replenishment in the Snowy Mountains. Instead, we show a change in the annual 
precipitation distribution is evident, with an increase in precipitation during warmer 
months.  
Trend analyses for the period 1958 – 2012 show a decrease in annual frequency of 
precipitation days capable of generating inflows to the catchments of the Snowy Mountains 
of -1.4 days per decade on average, whilst the precipitation they generate has increased by 
+5.7 mm per decade. These results align with climate change projections that precipitation 
events are becoming less frequent but more intense.   
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1. Introduction 
Variability of precipitation has wide-ranging impacts for the natural environment, 
agriculture, and water management. Studies from North America and Europe indicate 
hydroclimate changes associated with warmer temperatures and increasing precipitation 
intensity will have ongoing implications for water policy and society (Hoy et al 2014; Gillies 
et al 2012). Upward trends in extreme rainfall intensity in the Mediterranean are adversely 
affecting soil erosion with associated risks for flash flooding (Vallebona et al 2014), whilst 
changes in precipitation regimes can affect the timing and success of crop production 
(Stocker et al 2013; Pook et al 2009). Alpine areas are particularly vulnerable to climate 
change and its impact on their hydroclimate (Beniston 2003).  
The Snowy Mountains region of south-east Australia (SEA) forms the highest part of the 
continent and one of only a few alpine areas in Australia. It is bounded by latitudes 35.3°S – 
36.7°S, and longitudes 148°E - 149°E (Fig. 1). Precipitation falling in the region, and the 
associated inflows to the catchments of the Snowy Mountains, provide critical 
environmental flows along some of Australia’s major river systems and underwrite more 
than AUD$6 billion of irrigated agricultural production in the Murray-Darling Basin (MDBA 
2014; Ghassemi and White 2007). In addition, the inflows fuel hydro-electric power 
generation. Analysis of long-term temporal variability of precipitation-generating synoptic 
systems is critical to improve understanding of how precipitation patterns in the region may 
be affected by current and future climate variability.  
The location of the Snowy Mountains toward the northern limits of the influence of the mid-
latitude westerlies means that interaction between tropical and extra-tropical synoptic 
weather systems is an important factor in generating precipitation (Wright 1989). 
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Accordingly, changes in the annual cycle of the subtropical ridge (STR; Timbal and 
Drosdowsky 2013; Murphy & Timbal 2008; Drosdowsky 2005), or shifts in the westerly 
storm tracks will have a marked influence on SEA’s hydroclimate (Verdon-Kidd et al 2013).  
Precipitation in SEA also fluctuates in response to sea surface temperature (SST) anomalies 
in the tropical Pacific and Indian Oceans (Verdon-Kidd et al 2013 and references therein; 
Risbey et al 2009b), which typically force change in atmospheric circulation through 
teleconnections.  
Substantial variability of SEA precipitation exists on inter- and intra-annual timescales. 
Annual precipitation ranged from 760 - 2800 mm (mean 1715 mm, standard deviation 367 
mm) across the highest elevations of the Snowy Mountains over the period 1958 – 2012. A 
clear June-September precipitation maximum in the region has traditionally been observed 
with mean monthly precipitation during these cooler months typically twice as high as 
during the warmer seasons (Chubb et al 2011). The region has experienced a series of 
severe droughts and floods over the last century of observational precipitation records – a 
classical feature of Australia’s variable climate. Because of this variability, precipitation 
trends can be sensitive to the time period of the trend analysis.  
An overall drying trend is observed in recent decades, culminating with the Millennium 
Drought (1996 – 2009), with maximum precipitation declines in alpine regions (Risbey et al 
2013). For the period 1958 – 2007, Nicholls (2010) reports a 15% decrease in cool-season 
(March-August) precipitation over southern Australia (south of 30°S). Several other studies 
report similar cool-season declines across SEA and south-western Australia (e.g. Chubb et al 
2011; Pook et al 2012), however the time period in many of these studies coincided with the 
end of the Millennium Drought. Consideration of the cool-season as a whole can mask 
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important month-to-month variations, with precipitation declines largely occurring early in 
the cool-season during austral autumn months (MAM; Delworth and Zeng 2014; Cai and 
Cowan 2013; Gallant et al 2007). Conversely, prior to the Millennium Drought, increased 
annual rainfall was observed between 1910 and 1990 over much of eastern Australia (those 
states adjoining the east coast) linked to positive trends during summer months (November 
– March; Nicholls and Lavery 1992; Suppiah and Hennessey 1998). Significant increases in 
the proportion of precipitation from extreme events have occurred over the 20th Century 
across eastern Australia (Alexander and Arblaster 2009; Hennessy et al 1999). 
During cooler months the STR is positioned north of SEA resulting in a northwards shift of 
the mid-latitude storm track, allowing cold fronts to move across southern Australia and 
bringing precipitation to the region. Conversely, the poleward movement and intensification 
of the STR in summer months sees the westerly winds and embedded fronts pushed south 
of Australia and more emphasis on tropical influences to bring precipitation (Whan et al 
2014). Delayed northward movement of the STR during austral autumn since 1975 has 
impacted the passage of westerly winds over SEA, reducing precipitation at this time of year 
(Whan et al 2014; Cai and Cowan 2013; Murphy and Timbal 2008). The STR has exhibited a 
poleward expansion of approximately 0.5° per decade since 1979. Climate models predict 
continued intensification and a mean position further south for the STR over the 21st 
Century, with associated decreased (increased) winter (summer) rainfall in SEA (Whan et al 
2014; Post et al 2012; Timbal and Fawcett 2013). Integral to the STR is the Southern Annular 
Mode (SAM). Retraction of the mid-latitude storm track towards Antarctica during positive 
phases of SAM is associated with below (above) average winter (summer) precipitation for 
SEA. Negative SAM phases during winter enhance the westerly wind belt, allowing more 
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frequent cold fronts to cross the study region. Positive SAM phase during summer results in 
southern Australia positioned under the northern half of a high pressure cell with onshore 
circulation which can enhance summer precipitation over SEA (Risbey et al 2009b; Bureau of 
Meteorology 2008; Murphy and Timbal 2008; Shi et al 2008; Meneghini et al 2007). Noted 
features associated with the positive trend in the SAM since the 1970s (Murphy and Timbal 
2008; Marshall 2003) include a poleward shift in the mid-latitude westerly storm tracks and 
strengthening of the East Australia Current (EAC), leading to warming in the Tasman Sea. 
Both are proposed as mechanisms for increasing summer precipitation in SEA (Gallant et al 
2012; Shi et al 2008; Cai et al 2005).  
SST anomalies in the tropical Pacific and Indian Ocean basins manifest as the El Niño 
Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) “teleconnections” respectively. 
The location of warm SST anomalies, rather than solely their magnitude, has been shown to 
have profound effects on east Australian rainfall, including SEA. La Niña (El Niño) phases of 
ENSO result in warmer (cooler) SSTs and enhanced (diminished) convection in the western 
tropical Pacific Ocean, with associated increases (decreases) in precipitation across eastern 
Australia. Accordingly, ENSO phase can provide insight into precipitation anomalies likely to 
be experienced in Australia (Trenberth 1997). Increased frequency and severity of El Niño 
events, and fewer La Niña events, since the 1970s has been linked to decadal climate 
variability throughout the Pacific Ocean (Trenberth and Hoar 1996), which co-varies with 
and modulates ENSO, and may partially explain recent decreases in SEA rainfall (Gallant et al 
2007). Whilst there has been no significant trend in ENSO since the 1950s (Harrison and 
Chiodi 2010), there have been phase changes in the ENSO-like interdecadal Pacific 
variability, switching to a positive phase in the late 1970’s (Garreaud and Battisti 1999) and 
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more recently back to a negative phase in the late 2000’s (McGowan et al 2009). Predictions 
show continued intensification of the ENSO cycle with longer dry spells interspersed with 
periods of increased extreme precipitation (Alexander and Arblaster 2009).   
Above average SEA precipitation can occur during negative IOD phases, as troughs and 
frontal systems entrain moisture sourced from anomalously warm sea surface waters 
northwest of Australia (Verdon-Kidd et al 2013; Gallant et al 2012; Ummenhofer et al 2009a, 
b; Cai & Cowan 2008, Murphy and Timbal 2008), creating atmospheric circulation conducive 
to northwest cloud bands (Tapp and Barrell 1984). During positive IOD events, anomalous 
easterly winds blowing over the eastern Indian Ocean and persistent high pressure over 
Australia leads to cooler SSTs (Murphy and Timbal 2008) north-west of Australia and below 
average precipitation over SEA.  An upward trend towards more positive IOD values has 
occurred since the 1950s (Cai et al 2013).  
Globally, climate models project a likely decline in precipitation events and mean 
precipitation in the future, yet it is widely reported that precipitation intensity and extreme 
events will increase in a warming climate (Chiew et al 2011; Meehl et al 2005) in both 
Northern (e.g. Newton et al 2014a, b; Zappa et al 2013; Champion et al 2011) and Southern 
Hemispheres (e.g. Delworth and Zeng 2014; Grieger et al 2014; Sturman and Tapper 2011). 
Increased water vapour associated with positive SST anomalies produces increased 
precipitation over tropical land areas, with increased precipitation intensity in the mid-
latitudes due to transport along moisture pathways apparent in the projections of Meehl et 
al (2005).  Association of increased humidity and temperatures with atmospheric circulation 
patterns conducive to precipitation in the study of Gillies et al (2012) supports projections of 
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increasingly intense precipitation events in parts of the western United States of America 
(USA).  
Hydroclimate modelling in SEA projects an increase in precipitation intensity in coming 
decades (Chiew et al 2011) with a shift towards a drier mid-late autumn (particularly April 
and May; Cai and Cowan 2013; Christensen et al 2013). Modelling of snow-depth in SEA’s 
alpine areas under climate change by Hennessy et al (2003, 2008) and Hendrikx et al (2013) 
shows significant declines, in association with rising alpine temperatures and a decrease in 
wintertime precipitation. Rainfall projections for the Snowy Mountains catchments for  1°C 
of global warming, expected by 2030, indicate this region will experience drier dry periods (-
8% or -85 mm for 10th percentile rainfall), drier conditions on average  (-3% or -32 mm for 
median rainfall), and wetter wet periods (+3% or +32 mm for 90th percentile rainfall) (Post et 
al 2012). The magnitude of the projected changes increases for 2°C warming by around 
2060 (Post et al 2012). For median precipitation, this represents a decline in annual 
precipitation towards values currently within decile four. For extreme wet precipitation an 
increase towards values currently within decile six is expected, whilst for the extreme dry 
projection annual precipitation is expected to decline to values currently associated with the 
driest 30% of years (within the period 1958 – 2012). Similar magnitude projections are given 
for SEA as a whole (Reisinger et al 2014; Sturman and Tapper 2011).  
The impact of synoptic types on precipitation has been studied worldwide (e.g. Hoy et al 
2014; Newton et al 2014a, b; Bettolli et al 2010; Stahl et al 2006). Theobald et al (2015) 
presents a novel, automated approach to classifying year-around synoptic systems across 
SEA, building upon previous studies which largely focussed on cool-season precipitation, 
predominantly using manual techniques (e.g. Pook et al 2014; Chubb et al 2011; Risbey et al 
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2009a; Pook et al 2006; Wright 1989, Fiddes et al 2014). In addition to the widely studied 
cold front and closed low weather systems, Theobald et al (2015) found a strong emphasis 
on tropical moisture pathways from oceans to the north-east and north-west of Australia for 
delivering precipitation to the Snowy Mountains region. A high degree of intra-annual 
variability is present in the synoptic classification of weather systems. Winter and spring are 
typically the wettest seasons, when precipitation is heavily influenced by the interaction 
between the prevailing mid-latitude westerly airflow and orographic effects (Chubb et al 
2011; Ummenhofer et al 2009b; Cai and Cowan 2008; Pook et al 2006), and frontal and 
closed low systems dominate. However, Theobald et al (2015) revealed the importance of 
warm-season precipitation to the generation of inflows, with more than 40% of 
precipitation days ≥ 10 mm occurring during the warmer months. During these months, 
inland heat troughs prevail and high intensity precipitation associated with trajectories of 
warm, moist air from tropical latitudes is common. Ascent mechanisms responsible for 
precipitation were found to vary seasonally. Winter-dominant types were associated with 
stronger cyclonic vorticity, whilst warm air advection dominated summer types. 
This study focuses on investigating temporal trends of the synoptic types described in 
Theobald et al (2015), allowing recently observed precipitation declines to be placed in 
context of longer-term hydroclimate variability spanning the period 1958 - 2012. In addition, 
this study sheds light on the impact of future precipitation regime changes on the 
hydroclimate of the Snowy Mountains due to climate change.  
The paper is structured in the following manner. Section 2 describes the data and methods, 
including descriptions of the synoptic types used throughout this study. The results of the 
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trend analyses are presented in Section 3. The paper concludes with discussion and 
conclusions in Section 4. 
 
2 Data and methods  
2.1 Precipitation Data 
High-resolution precipitation data were obtained from Snowy Hydro Limited (SHL). These 
data comprise instantaneously recorded precipitation which was aggregated to daily totals 
for our purposes. A total of 56 precipitation gauges across the Snowy Mountains region 
were used. Precipitation data from 10 Australian Bureau of Meteorology (BoM) gauges 
within the Queensland Government Patch Point dataset (“PPD”, Jeffrey et al 2001) were 
used to fill gaps in the SHL record. The PPD uses original BoM measurements for a specific 
precipitation gauge, with interpolated data inserted to fill any gaps in the observational 
record.  Accordingly, a continuous, daily dataset of observed precipitation was compiled.  
2.2 Synoptic Types 
The synoptic types used in this study are an automated identification of daily synoptic-scale 
atmospheric circulation for all precipitation days above an inflow-generating threshold of ≥ 
10 mm (hereafter referred to as “precipitation days”), for the Snowy Mountains region of 
SEA between 1958 and 2012 (Theobald et al 2015). For each day on which the 10 mm 
threshold was exceeded, daily reanalysis data from the European Centre for Medium-Range 
Weather Forecasting (“ECMWF”) ERA-Interim and ERA-40 datasets (Dee et al 2011) for the 
synoptic analysis area shown in Fig. 1a formed the input to a k-means clustering algorithm. 
This area is bounded by latitudes 20°S - 46°S, and longitudes 120°E - 160°E. Reanalysis data 
at a spatial resolution of 0.75° x 0.75° is used. The clustering method was based on 
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reanalysis variables throughout the depth of the troposphere, including mean sea level 
pressure (MSLP), temperature, humidity and wind vectors (between 850 hPa and 250 hPa), 
and resulted in 11 synoptic types, each of which represents a specific three-dimensional 
synoptic scale atmospheric circulation for the region. The number of types was determined 
using a distance measure against number of clusters, in conjunction with physical 
interpretation of composite maps (generated from the mean value of all days assigned to 
each cluster; Kalkstein et al 1987), comparison with a manual synoptic typing period and 
results from initial hierarchical clustering. Spatial patterns of pressure, humidity, wind 
direction and strength associated with each synoptic type provide new understanding of 
critical moisture pathways and atmospheric circulation in the generation of precipitation 
(Figs. 2 and 3). The 55-year synoptic climatology of inflow-generating precipitation considers 
daily synoptic circulation, rather than multi-day precipitation events where a series of 
synoptic types may traverse the region. It is acknowledged that slow-moving, persistent 
types may be over-represented. In total 21% of all consecutive precipitation days consist of 
the same synoptic type. On an individual basis however, only a small percentage (1.3 – 
2.9%) of each type occurs on consecutive days. Accordingly, the amount by which each 
synoptic type may be over-represented is relatively small.  
 
2.3 Trend Analyses 
Temporal trends in monthly precipitation, frequency, intensity and extreme values (> 90th 
percentile) are obtained using least squares regression, and statistical significance assessed 
using the non-parametric Mann-Kendall test at the 90 % or 95% level throughout (Cinco et 
al 2014; Risbey et al 2013; Almazroui et al 2012; Alexander et al 2010; Meneghini et al 
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2007). In a similar method to Chubb et al (2011) and Alexander et al (2010), daily 
precipitation intensity was calculated as the total precipitation (≥ 10 mm) from each 
synoptic type in a particular month, divided by the number of days on which that 
precipitation fell, resulting in a type-specific average daily intensity for each month. 
Whilst linear trends can mask shorter term variability (Alexander et al 2010), they provide 
an overall assessment of change, and in conjunction with step change analysis can provide 
information on the timing of changes (Risbey et al 2013). Step changes in precipitation 
amount and frequency were assessed using the RHtestsV4 software package (Wang and 
Feng 2013; Wang 2008a, b). This is well-tested and freely available (available online at 
http://etccdi.pacificclimate.org/software.shtml). The method used in this study is based on 
the penalised maximal F test (PMF) for mean shifts in a time series without a trend change, 
which can identify multiple inhomogeneities in a time series (Wang and Feng 2013; 
Alexander et al 2010; Wang 2008a, b). The PMF test was used to identify ‘type 1’ changes - 
those that are statistically significant without supporting metadata. The software accepts 
data with normally-distributed Gaussian errors, and requires precipitation data to be log-
transformed prior to analysis (Wang and Feng 2013). For the purposes of this study, it was 
not necessary to correct the time series for any inhomogeneity, but simply identify the 
dates of any changes. 
The physical mechanisms behind the precipitation trends were examined using the same 
ECMWF reanalyses data used to define the synoptic types. Linear trends and their 
significance were calculated at each grid point within the analysis area for a number of key 
meteorological variables, and plotted as contour maps. Data were standardised on a 
monthly basis, over the full study period, using the z-score method to remove much of the 
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seasonal cycle. A strong seasonal signal is apparent in the meteorological data for the Snowy 
Mountains region, and it is therefore important to remove this cycle in order that the 
synoptic types better reflect daily changes in the atmospheric circulation (Yarnal 1993). This 
process has been successfully demonstrated to work in previous studies (e.g. Gao et al 2014; 
Jiang 2011; Wilks 2006; Kidson 2000; Yarnal 1993). Accordingly, the trends focus on the sign 
and significance of the changes, rather than their absolute magnitude (Meehl et al 2005). 
Initial analyses of these spatial trends focus on precipitation days for the entire period of 
study. Further spatial trends were then calculated for each synoptic type on a monthly basis 
(not shown). 
2.4 Climate Indices  
ENSO can be represented by either its oceanic (Oceanic Niño Index, ONI) or atmospheric 
(Southern Oscillation Index, SOI) component. The SOI is chosen for this study because it has 
higher correlation with Australian precipitation (Maher and Sherwood 2014; Risbey et al 
2009b). The SOI is represented by the data available from 
http://www.bom.gov.au/climate/current/soihtm1.shtml, which determines warm (El Niño) 
and cold (La Niña) episodes based on a threshold of ± 8.0 sustained for at least three 
months (Murphy and Timbal 2008). The SOI is calculated from the pressure difference 
between Darwin (western Pacific Ocean) and Tahiti (central Pacific Ocean), approximately 
corresponding to the Niño 3.4 region (5°N-5°S, 120-170°W; Verdon-Kidd and Kiem 2009) 
and the Pacific warm pool, and therefore to the main centres of tropical convection 
(Trenberth 1997).  
The IOD is represented by the Dipole Mode Index (DMI; Saji et al 1999), calculated as the 
difference in SST anomalies between the western (50 – 70°E, 10°S – 10°N) and eastern (90 – 
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110°E, 10°S – Equator) Indian Ocean 
(http://www.jamstec.go.jp/frcgc/research/d1/iod/e/iod/dipole_mode_index.html. Values 
are normalised by the standard deviation and phases are based on a threshold of ± 1 
standard deviation or sustained anomalies ± 0.4°C for at least two months during May – 
November (Meyer et al 2007; Ummenhofer et al 2009b, 2011). 
The monthly SAM index of Marshall (2003; available at 
http://www.antarctica.ac.uk/met/gjma/sam.html) is used in this study. This index has been 
shown to be robust prior to commencement of satellite data availability in 1979 (Ho et al 
2012), and is available for the full period of this study. Positive and negative phases are 
based on a monthly threshold of ± 1 standard deviation (Marshall et al 2012).   
Positive and negative phases of each teleconnection were determined according to the 
above criteria in the monthly indices described above. For each phase, mean monthly 
precipitation for the corresponding period and from each synoptic type was calculated.  
3. Results 
3.1 Precipitation climatology 
A total of 3435 precipitation days when ≥ 10 mm of precipitation was recorded were 
classified (Theobald et al 2015). The 11 synoptic types include cold front (T1), pre-frontal 
types (T5, 8), closed lows (T2, 6), inland heat troughs (T3, 4,7) and offshore lows (T9), as well 
as circulation conducive to north west cloud bands (“NWCBs”, T4, 8 and 11). A summary of 
key circulation features and moisture pathways associated with each synoptic type is given 
in Table 1. Composite maps showing MSLP and 500 hPa height for each synoptic type are 
shown in Fig. 2.   
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Eight of the 11 synoptic types display a connection to tropical latitudes at one or more levels 
of the troposphere. Three critical moisture pathways are identified originating from the 
warm, tropical oceans to the northwest and northeast of Australia, and the cooler Southern 
Ocean to the south of the continent (Fig. 3). The importance of tropical connectivity for 
generating heavier falls of precipitation is evident in all seasons. The absolute frequency of 
each synoptic type can be found in Fig. 4. The reader is referred to Theobald et al (2015) for 
a full description of the synoptic types and figures detailing meteorological variables.  
Although each synoptic type identified by Theobald et al (2015) can occur at any time of 
year, a strong seasonal signal is evident in their frequency of occurrence (Fig. 4). Winter 
months (JJA) are dominated by cold-cored types (T1, 2, 5, 6 and 8) which frequently relate 
to the prevailing mid-latitude westerly circulation at this time of year, with moisture 
pathways at lower levels (850 hPa) commonly originating over the Southern Ocean. Warm-
cored inland heat trough types (T3, 4, 7 and 11) dominate the austral summer months (DJF), 
with moisture entrained at low and mid-levels (850 – 500 hPa) from tropical latitudes. In the 
autumn and spring transition months, the influence of, and interaction between both warm 
and cold cored types, impacts the precipitation in the study region, with the annual north-
south migration of the sub-tropical ridge and westerly wind belt apparent.  
3.2 Precipitation Trends  
3.2.1 Annual Trends: 
Overall, the annual  number of precipitation days ≥ 1 mm and 10 mm (including 
contributions from all synoptic types) have decreased over the study period at a rate of -3.6 
days per decade (non-significant) and -1.4  days per decade (significant only at the 80% 
level, p=0.13) respectively (Fig. 5a). Considering the annual precipitation from all 
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precipitation days ≥ 1 mm, a non-significant negative trend of -13.1 mm per decade is 
found, whilst the annual  precipitation associated with ≥ 10 mm days demonstrates a non-
significant positive trend of +5.7  mm per decade (Fig. 5b).  
3.2.2 Seasonal Trends:  
Warm season trends (calculated from November – March, with the year referring to 
January-March) in frequency of occurrence of +0.82 and +0.30 per decade are found for 
precipitation days ≥ 1 mm and ≥ 10 mm respectively (both non-significant). Negative 
frequency trends occur in the cool season (April – October) of -2.1 and -1.7 per decade 
respectively (both significant at 90%, Fig. 6a).  
Considering seasonal precipitation, positive trends of +14.3 mm and +18.2 mm per decade 
are found for precipitation days ≥ 1 mm and ≥ 10 mm respectively during the warm season 
(both non-significant, Fig. 6b). The traditionally wetter months throughout the April to 
October cool season demonstrate a mixture of both positive and negative trends. However 
overall cool season trends of -9.3 mm and -8.4 mm are found for precipitation days ≥ 1 mm 
and ≥ 10 mm respectively (both non-significant, Fig. 6b). Interestingly, trends in extreme 
days (> 90th percentile) are positive for both warm and cool season, however are more 
pronounced during the warm season (+3.6 mm (significant at 80%, p = 0.12) and +0.8 mm 
(non-significant) per decade respectively (not shown). 
3.2.3 Monthly Trends: 
In order to determine the specific timings of trends outlined in the previous sub-sections, 
particular attention is paid to monthly trend analyses.  
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Results of the trend analysis applied to monthly precipitation accumulation, intensity 
(defined in Section 2.2) and frequency are shown in Figs.7, 8 and 9.  Evaluation of trends for 
each synoptic type for the period 1958 – 2012 indicate five significant trends in monthly 
precipitation accumulation, at the 90 or 95% confidence level. These statistically significant 
trends in monthly precipitation accumulation are summarised below in conjunction with 
precipitation intensity and frequency (statistical significance shown in brackets).  
 January – T3 (inland heat troughs aligned N-S) precipitation increase (95%; Fig. 7) 
corresponds to significant increases in both intensity (Fig. 8) and frequency (95%; Fig. 
9).  
 May – whilst individual synoptic type precipitation trends are not significant, the 
cumulative precipitation total of all types display a significant decline (90%; Fig. 7), 
with a corresponding significant negative trend in frequency (95%; Fig. 9).  
 June – T5 (pre-frontal troughs) precipitation increase (90%; Fig. 7) corresponds to 
increases in precipitation intensity (90%; Fig. 8). 
 July – T11 (inland heat troughs aligned NW-SE) precipitation decline (90%; Fig. 7) 
corresponds to decreases in intensity (Fig. 8) and frequency (both 90%; Fig. 9).  
 October – cumulative precipitation from all synoptic types has declined (90%; Fig. 7), 
caused by a decrease in cumulative frequency (90%; Fig. 9).  
With the exception of January, the warm season months of November to March (late spring 
to early autumn) have experienced non-significant increasing precipitation from all synoptic 
types combined. In all months, precipitation amount from days ≥ 1 mm demonstrate trends 
of the same sign as precipitation amount from days ≥ 10 mm.  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
18 
 
Precipitation intensity across all synoptic types has increased cumulatively in nine out of 
twelve months, with only April, May and October experiencing declines (Fig. 8). There is a 
consistent trend of more intense rainfall during November – March.  Intensity of 
precipitation days > 1 mm has increased significantly in August (95%) and September (90%) 
and decreased significantly in April (90%). Frequency of precipitation days ≥ 10 mm has 
decreased in 7 out of 12 months, with notable decreases in autumn and spring months (Fig. 
9). Implications of decreased frequency of precipitation days and decreasing intensity are 
likely to exacerbate the effects of lower precipitation in these months, including reduced 
runoff. These trends are reflected in all precipitation days ≥ 1 mm (with the exception of 
January, August and December) and are consistent with the decline in annual precipitation 
days (Fig. 5a).  
With the exception of March, these trends remain when a shorter analysis period 1958 – 
2009 is considered, thereby eliminating any influence of the strong 2010 – 2011 and 2011-
2012 La Niña events.  
3.2.4 Daily Trends: 
When considered on a daily basis, there is a highly significant increasing trend in the 
precipitation ≥ 10 mm from all synoptic types of 0.43 mm per day per decade (p<0.01; Fig. 
10), whereas daily precipitation > 1mm displays a negligible highly non-significant trend of + 
0.14 mm per decade (not shown).  
3.2.5 Extreme Precipitation Trends: 
Given the increase in precipitation from days on which ≥10 mm is observed, we calculate 
trends in upper decile days (> 90th percentile, based on all data) to provide an indication of 
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extreme precipitation events (referred to as “extreme day” hereafter). Fig. 11(a) and (b) 
show that both the frequency and associated precipitation of extreme days display linear 
increases over the analysis period of +0.41 per decade (non-significant) and +1.8 mm 
(significant at 90%) per decade respectively. Fig. 11c compares the percentage frequency of 
each synoptic type occurring during precipitation days ≥ 10 mm and  extreme days, and 
indicates the main synoptic types responsible for driving these extreme days are T6, T7 and 
T8 (18%, 15%, 14% of extreme days respectively). These three types stand out as having 
strong tropical moisture pathways from warm oceans north-west of Australia to the Snowy 
Mountains (Fig. 3).  
 
 
3.3 Step Changes   
Step changes were calculated for monthly precipitation accumulations for each synoptic 
type using the RHtestsV4 software (Wang and Feng 2013; Wang 2008a, b) and are shown in 
Table 2. In this study, the precipitation record is based on the mean of several stations 
which diminishes any potential effects of changes in instrumentation in identifying step 
changes. Inspection of gauge records reveals that a number of high resolution, heated 
precipitation gauges were added to the network from 2004 onwards. Four gauges were 
decommissioned between 2010 and 2011 and replaced with new gauges at the same sites. 
Prior to 1975, an increased amount of interpolated Patched Point Data (PPD; Jeffrey et al 
2001) data is included in the daily precipitation record. None of these periods are apparent 
in the step changes listed in Table 2, and it is considered unlikely that the steps identified 
are non-climatic.  
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Where significant trends in monthly precipitation exist and no step changes are identified, 
the trend can be inferred to have occurred continually over the period of the analysis. 
Analysis of the step changes show that the majority occurred in the years prior to and 
during the 1996 – 2009 Millennium Drought, consistent with Risbey et al (2013) who found 
that most step changes in SEA occurred in the early 1990s and around 2000. The remainder 
occur in the late 1960s and early 1970s, consistent with shifts in the STR, SAM and an 
increased rate of warming at that time (Murphy and Timbal 2008). A possible relationship 
between downward trends in embedded cold fronts (T1) and increasing positive trends in 
SAM and STR is the subject of ongoing research. In particular, the September and October 
downward step changes in T1, and downward steps in T7 and T11 are likely to have 
contributed to the overall decline in cool-season precipitation reported in previous studies. 
There is an approximately equal number of decreasing and increasing steps. With the 
exception of T5, all synoptic types exhibiting upward step changes have strong tropical 
connectivity and reflect positive trends in humidity along tropical moisture pathways.  
 
3.4 Trends in Meteorological Variables  
Spatial trends in the standardised meteorological variables for all precipitation days are 
shown in Fig. 12. Considering all months simultaneously, statistically significant increases in 
MSLP are found over northern and Western Australia, extending south into the Southern 
Ocean. Significant declines in MSLP in the region of the Great Australian Bight and to the 
south of Australia are evident, and suggest a deepening trough to the south of the 
continent.  
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A statistically significant negative trend in atmospheric thickness is found along important 
moisture pathways for the Snowy Mountains, in line with decreasing temperatures in the 
mid-levels of the troposphere. Positive trends in thickness are found over the Tasman and 
Coral Seas, and over the Southern Ocean to the south-west of the analysis area, coinciding 
with a warmer atmosphere in these areas.  
Significant positive trends in relative humidity are found over much of the Australian 
continent between 850 hPa – 500 hPa, with the increase extending from tropical latitudes. 
Significant negative trends in relative humidity are located over the much of the Southern 
Ocean and Tasman Sea between 850 and 500 hPa levels. With the exception of small 
regions in the far north-west and south-west of the analysis region, these trends are largely 
reflected by trends of the same sign and similar extent in absolute humidity (not shown), 
indicating that the relative humidity trends are not necessarily driven by temperature 
effects. 
Significant negative (cooling) temperature trends are found over much of the continent 
throughout the 850 – 500 hPa layer, and are especially evident at 850 and 700 hPa. Areas of 
significant warming are located in the SW of the analysis area, over the Southern Ocean at 
all levels; and over the Tasman (850 – 500 hPa) and Coral Seas (850 hPa).  
To further investigate possible reasons for the precipitation trends, spatial trends for the 
same variables shown in Fig. 12 were calculated for each month (not shown).  During May 
and October, warming trends between 850 and 500 hPa and an increase in atmospheric 
thickness (1000-500 hPa) over the Snowy Mountains region suggest a more stable 
atmosphere with limited opportunity for convection. Also in May, an increasing (though not 
significant) trend in MSLP over eastern Australia extends from northern Australia. This 
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pattern is also conducive to less precipitation and supports findings of Cai and Cowan (2013) 
of a poleward expansion of the subtropical dry zone. The cumulative precipitation decreases 
in January, April and July have in common a positive trend in atmospheric thickness and a 
decline in humidity along moisture pathways. Those months with increasing precipitation 
(Fig. 7) consistently demonstrate lower MSLP, lower temperatures between 850-500 hPa, 
and increasing humidity in the Snowy Mountains region.  Positive trends in relative humidity 
are not confined to one particular season. Although most warm season months (except 
January) display this trend, it is also apparent in June, August and September.   
3.5 Relationship with large-scale teleconnections  
Table 3 shows the average value of each teleconnection for each synoptic type for 
precipitation days ≥ 10 mm and for extreme high precipitation days. This analysis 
demonstrates that  the La Niña-like state of ENSO (positive SOI), and warm SSTs in the 
western Pacific Ocean play a key role in driving synoptic types most common with these 
precipitation events and generating precipitation totals ≥ 10 mm. Mean positive SOI values 
are also present during extreme days for all types except T5. Particularly high SOI values are 
found for T3, 4, 7, 8 and 9, where low level north or north-easterly winds entrain moisture 
from the Coral or Tasman Seas. Mean values for T1 should be interpreted with caution given 
just two occurrences of this synoptic type during extreme high days. The two synoptic types 
(T1, T5) with negative average SOI values (indicative of El Niño conditions) are embedded 
cold front and pre-frontal types which have a moisture source in the Southern Ocean with 
no direct tropical connection.  
A clear relationship exists between SAM and synoptic types representing cold frontal 
systems, with types T1, 2, 5, 6, 8 associated with a negative mean SAM value. A similar 
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pattern is found for extreme days (T1, 2 and 5). In addition, extreme days associated with 
T10 and 11, where low level moisture is entrained along both tropical and Southern Ocean 
pathways, display mean negative SAM values. Dominant summer types (T3, 4 and 7) are 
associated with mean positive SAM values, in agreement with the enhancement of moist 
easterly onshore flow during the warm-season pattern in SAM (Murphy and Timbal 2008; 
Shi et al 2008; Meneghini et al 2007).  
While most synoptic types are related to a mean “wet” (La Niña) phase of ENSO, the mean 
DMI value is positive, indicative of the positive “dry” phase of the IOD. A similar relationship 
between precipitation days and positive mean values of the DMI was found by Verdon-Kidd 
& Kiem (2009). The influence of negative IOD phases becomes apparent for T2 and T8 
extreme days, both of which have a strong northwest tropical moisture pathway at 700 hPa. 
The strongest relationships between the known “wet” phases of the drivers occur with the 
SOI and SAM.  
Mean monthly precipitation during positive and negative phases of ENSO, IOD and SAM is 
shown in Table 4. Analysis reveals that similar patterns exist between precipitation days ≥ 1 
mm and ≥ 10 mm. Individually, the highest monthly totals occur during negative IOD events, 
followed by La Niña phases. The lowest average monthly totals are received during El Niño 
events, followed by positive IOD and SAM phases. The combination of negative IOD phase 
and La Niña observe three times as much precipitation (on average) than positive IOD 
phases and El Niño. Overall the highest (lowest) mean monthly precipitation is a result of 
the combined effects of La Niña (El Niño) and negative (positive) IOD, consistent with 
Meyers et al (2007). Relatively high monthly mean precipitation is also experienced when La 
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Niña occurs in combination with negative SAM phase, and for combinations of SAM with 
negative IOD phase.  
These analyses shed light on the complex inter-relationships between climate drivers and 
precipitation in the Snowy Mountains region of SEA, and the need for combined analyses of 
all teleconnections. The trend towards positive IOD events since the 1950s (Cai et al 2013) 
and longer, more frequent El Niño events (Gallant et al 2007) may in part be related to the 
decline in the annual number of precipitation days (Fig. 5a). A number of years (1965, 1967, 
1982 and 2006) stand out as having fewer precipitation days ≥ 10 mm and coincide with 
periods of below average rainfall related to El Niño events (Gallant et al 2012) in addition to 
a positive IOD event in 1967. Similarly, 1974, 1975 and 1992 experienced high numbers of 
precipitation days coinciding with La Niña events, and the two La Niña events of 2010 – 
2012 are reflected in an increase in annual precipitation days after a period of sustained 
lower frequency since the early 2000s. The increase (decrease) in precipitation during most 
warm (cool) months is likely related to the continued positive trend in SAM.  
4. Discussion and conclusions  
The synoptic climatology on which this study is based (Theobald et al 2015) revealed the 
complex three-dimensional nature of atmospheric circulation responsible for inflow-
generating precipitation, and the importance of considering multiple levels through the 
troposphere. Eleven synoptic types describe the year-round synoptic-scale atmospheric 
circulation responsible for precipitation days ≥ 10 mm over the period 1958 – 2012 for the 
Snowy Mountains region, SEA. The identification of critical moisture pathways originating in 
the tropical oceans to the north-east and north-west of Australia, and over the Southern 
Ocean supports previous trajectory and isotope studies in SEA (Callow et al 2014; Chubb et 
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al 2011; McIntosh et al 2007), and confirms the importance of tropical moisture influx for 
the generation of high precipitation totals.  
This study has examined synoptic and precipitation trends relating to precipitation days ≥ 10 
mm, however extreme precipitation days (>90th percentile) and all precipitation days ≥ 1mm 
are also presented for context. In conjunction with a multi-decade period and multiple 
classification variables, this objective climatology and associated trend analyses offers 
detailed insight into the precipitation regime of the Snowy Mountains.  
Overall, we find a decline (1958 – 2012) in the total number of precipitation days ≥ 10mm 
and an increase in precipitation on these days, suggesting that precipitation in this region is 
becoming more intense. Precipitation intensity increases in both cool and warm seasons. 
This is in accordance with widely reported climate change projections of fewer, yet more 
intense precipitation events in a warming climate (Fischer et al 2014; Stocker et al 2013 
2013; Zappa et al 2013; Landvogt et al 2008; Ghassemi and White 2007; Meehl et al 2005; 
Alpert et al 2002). Similar trends have been detected in studies from the USA, in association 
with increasing temperature and humidity since the 1950s (Gillies et al 2012; Rasmussen et 
al 2011). 
Precipitation trends in the Snowy Mountains since 1958 show significant reductions during 
the autumn and spring transition months, with an overall decline in cool-season 
precipitation amount and frequency of precipitation days ≥ 1 mm and ≥ 10 mm. This 
research sheds light on synoptic processes leading to the reduction in cool-season 
precipitation during the Millennium Drought 1996 – 2009. In particular, significant declines 
in monthly precipitation and frequency of all synoptic types combined are observed in May 
and October, with a step change (decrease) in the dominant cold front synoptic type T1, in 
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September and October 2002. The fronts associated with T1 are typically embedded in the 
mid-latitude westerly airflow, and in addition to other synoptic types with a low-level 
moisture source over the Southern Ocean are more typically linked to negative phases of 
SAM. Given projected continued positive trends in SAM in winter, it is expected that 
precipitation from embedded cold frontal systems will continue to decline, with their 
frequency maxima further south (Catto et al 2014; Grieger et al 2014; Whan et al 2014). 
Meanwhile, this SAM trend is likely to contribute to continued increases in summer 
precipitation of tropical origin. 
The October precipitation decline is also likely to have a marked effect on inflow generated 
from snow-melt. During spring months as much as 50% of annual inflows to rivers in the 
Snowy Mountains are generated, when rain on snow events flush snowmelt into streams 
and rivers (McGowan et al 2009). Wise et al (2014) describe the importance of precipitation 
during cool season transition months for areas of the western USA, where a similar reliance 
exists on snowmelt for annual water supply.  
A statistically significant decline in May precipitation for all synoptic types combined, and an 
increasing trend in MSLP over much of the synoptic analysis area, demonstrate a trend in 
precipitation patterns towards drier conditions at this time of year. This supports a 
poleward shift of the subtropical dry-zone and dry-season precipitation regimes from 
northern Australia (Delworth and Zeng 2014; Cai and Cowan 2013) as a proposed 
mechanism for lower autumn precipitation. The lack of step-changes in May suggests that 
the changes have occurred more gradually over the analysis period.  
Positive trends in overall precipitation frequency, amount and intensity are found for the 
warm season as a whole and most warm season months, for precipitation days ≥ 10 mm and 
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all days ≥ 1 mm. These trends are largely influenced by dominant warm-season inland heat 
troughs associated with synoptic types T3 and T7. Step changes (increases) in warm season 
precipitation from summer-dominant inland heat trough types T3 and T7 are evident from 
1991 and 1997 respectively. These synoptic types display strong tropical connectivity and 
align well with positive humidity trends along their moisture pathways. These results 
provide further evidence that the traditional pattern of precipitation in SEA may be shifting 
towards a regime with increasing precipitation during warmer months, with associated 
effects for water storage replenishment (Verdon-Kidd et al 2013; Risbey et al 2009a). Similar 
observations of increasing rainfall during spring and summer in south-west Western 
Australia by Bates et al (2008) indicate larger-scale precipitation regime changes. Cooling 
temperature trends at the 500 hPa level, and increasing humidity between 850 and 500 hPa, 
during most warm months (November – February) coincide with increasing trends in 
precipitation amount, and indicate that this warm season precipitation will increasingly be 
convective, in a cooler (mid-levels), more unstable atmosphere. In turn, convective 
precipitation is largely associated with high intensity precipitation which has been shown to 
have adverse effects including flash flooding and soil erosion in Mediterranean catchments 
(Vallebona et al 2014). 
The timing of most downward change-points prior to and during the Millennium Drought is 
consistent with Risbey et al (2013), who found step reductions in SEA rainfall in the early 
1990s and around 2000. In their study the reduction was closely associated with cut off 
circulation and cold fronts on the western slopes of the Snowy Mountains region. This 
suggests that fundamental changes in atmospheric circulation occurred at this time, in 
particular during spring and summer.  
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The high inter-decadal variability of precipitation in this region means that any trend 
analysis reflects the period chosen (Risbey et al 2013). However, by considering a multi-
decade period, this work allows short-term, drought-related trends to be placed in the 
context of longer-term climate variability. The period chosen for this study encompasses 
anthropogenic climate forcing (Reisinger et al 2014; Gallant et al 2012). It also includes the 
multi-year Millennium Drought (1996 – 2009), several shorter, though equally intense 
droughts and one of the strongest La Niña events on record that broke the Millennium 
Drought in the summer of 2010 – 2011 (Verdon-Kidd et al 2013; Gallant et al 2012). A trend 
towards increasing precipitation was found in several studies carried out prior to the 
Millennium Drought and linked to increases observed during summer months (Suppiah and 
Hennessey 1998; Nicholls and Lavery 1992), suggesting that the trends found in this study 
are robust. The inclusion of these extreme periods may offer insight into likely future 
precipitation trends, consistent with expansion of the subtropical dry zone, and 
intensification of precipitation in a warmer atmosphere (Cai and Cowan 2013; Chiew et al 
2011). Monthly trends in precipitation from all synoptic types remain robust when the 
analysis period is ended prior to the 2010 – 2012 consecutive La Niña events (thereby 
eliminating these events as possible causes of the trends), with the exception of March, 
when record precipitation was recorded in the Snowy Mountains (Bureau of Meteorology 
2012). Accordingly, this study identifies potentially important precipitation regime changes 
such as the 2010 – 2012 La Niña events. 
Noticeably fewer high precipitation days occur in drought years such as 1967, 1982/83 and 
2006 (associated with strong El Niño events) when record low rainfall was recorded in SEA 
(Verdon-Kidd et al 2013; Gallant et al 2012). This suggests that variability in synoptic 
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circulation reflects patterns in large-scale teleconnections, in particular ENSO, with all types 
that display tropical moisture pathways having a positive mean SOI value (indicative of La 
Niña dominance). 
Mean teleconnection values for each synoptic type provide insight into the complexity of 
determining the contribution of each teleconnection to precipitation in the Snowy 
Mountains region. For instance the average value of the DMI for each synoptic type is 
positive, where we would expect more precipitation days to be associated with a negative 
DMI. This may, in part, result from positive DMI events having greater amplitude and 
frequency than negative events through the DMI time series, and the observed positive 
trend in the DMI (Cai et al 2013). In addition, because precipitation anomalies usually begin 
to manifest prior to the May onset of IOD events, they cannot be said to be caused solely by 
the IOD, and may be more likely due to the presence of other teleconnections (Murphy and 
Timbal 2008), offering further possible explanation for the positive DMI values shown in 
Table 3. However the importance of the NW tropical moisture pathway in generating 
precipitation is apparent in the mean monthly precipitation associated with negative IOD 
phases and combinations of a negative IOD with both La Niña and SAM shown in Table 4.  
Consistent association of positive SOI values with all synoptic types, except those 
representing embedded cold fronts and pre-frontal airflow, demonstrates the importance of 
tropical Pacific SSTs in moisture pathway source regions in generating precipitation in the 
study region, consistent with Fiddes et al (2014). An increase in the precipitation and 
frequency of extreme days has been associated with synoptic types T6, 7 and 8. These three 
synoptic types are also concurrent with mean positive SOI values, with particularly strong 
mean positive values during T7 and T8 extreme days, indicative of La Niña dominance on 
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extreme precipitation days. Similarly, extreme T8 days, often associated with north-west 
cloud bands, occur in conjunction with a negative DMI. Furthermore, areas of positive 
trends in humidity are aligned with critical moisture pathways from tropical latitudes.  
It is acknowledged that more influences on SEA precipitation exist than have been examined 
in this paper. For example the Pacific Decadal Oscillation and Madden-Julian Oscillation are 
also known to influence the frequency of precipitation-bearing synoptic patterns on long 
and short timescales respectively (Gallant et al 2012; McGowan et al 2009; Pezza et al 2007; 
Mantua and Hare 2002). In addition, localised phenomena such as the annual cycle of the 
subtropical ridge (Murphy and Timbal 2008), strength and position of the subtropical 
jetstream and SST anomalies in the Tasman Sea (Risbey et al 2009a, b) are purported to 
affect the seasonality of precipitation in SEA. Furthermore, the influence of each 
teleconnection on precipitation and synoptic circulation varies on a seasonal basis (for 
example Ding et al 2012), which is not examined in this study. The combined effect of 
multiple drivers on seasonal precipitation variability in the Snowy Mountains area of 
Australia is the focus of ongoing research. 
Our findings appear consistent with previous regional (e.g. Chiew et al 2011; Alexander et al 
2007, Alexander and Arblaster 2009) and global studies of fewer, more intense precipitation 
days. Similar responses have already been detected in the Mediterranean (Alpert et al 2002) 
and are predicted for the European Alps (Fischer et al 2014), North Atlantic and European 
regions (Zappa et al 2013) and South Pacific region (Caloiero et al 2014), due to changes in 
the hydrological cycle in a warmer climate. Minor changes to air temperature and 
precipitation have had substantial impacts on distribution of water resources in western 
Canada (Newton et al 2014a, b). Our results of increasing warm season precipitation is 
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consistent with previous studies, conducted prior to the Millennium Drought, which found 
similar trends over much of eastern Australia during summer months (Nicholls and Lavery 
1992; Suppiah and Hennessey 1998). This is in contrast to Cai et al (2010) who report a 
decline in summer precipitation for south-east Queensland (SEQ) over the period 1950 - 
2008. However due to its position in the subtropics, SEQ has a distinctly different seasonal 
precipitation pattern to that of the Snowy Mountains region and therefore these two 
studies are not directly comparable.  
Although not all trends in this study are significant, it is likely that a precipitation response 
to climate change may already be occurring, even if not yet detectable statistically 
(Trenberth and Fawcett 2014). Changes in synoptic circulation associated with precipitation 
days in the headwater catchments of the Snowy Mountains are likely to have had, and will 
continue to have significant impacts on inflow volumes. Implications for agriculture, 
environmental flows and water resource management are apparent. Changes in both mean 
precipitation and heavy precipitation events has adversely affected global crop productivity 
in many countries (Lobell et al 2011; Gornall et al 2010) and declines have already been 
detected in wheat yields since 1990 in countries such as France as well as Australia (Lobell et 
al 2011; Pook et al 2009). Similar effects may be experienced in the Snowy Mountains, 
where the timing of precipitation changes may increase the need for altered water 
management strategies.  
This analysis represents the first long-term study of precipitation influences and trends in 
the Snowy Mountains region of Australia. The monthly analyses shed light on overall 
declines (increases) in cool (warm) season precipitation. Given the importance of 
precipitation in this region to agriculture, environment and industry, and the susceptibility 
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of marginal alpine areas to climate change (Martin and Durand 1998; Beniston 2003), a 
comprehensive understanding of precipitation influences is critical for efficient water use 
and management. Accordingly, this study may have relevance for regional water 
management and availability, as well as climate change impact and adaptation studies in 
similar areas worldwide.  
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Figure Captions. 
Fig. 1. (a) Location of the Snowy Mountains region within Australia and (b) topography and 
major towns of the study area. The dashed area in (a) is the extent of the synoptic analysis 
area, and the extent of the ECMWF gridded data. See text for details of the latitude and 
longitude of this area.  
Fig. 2. Mean Sea Level Pressure (MSLP; coloured contours, hPa) and 500 hPa height (dashed 
contours, m) for each synoptic type. Percentages indicate frequency of occurrence of each 
type between 1958 and 2012. The main classification of each type is: T1 – embedded cold 
front; T2 – closed lows; T3 – inland heat troughs; T4 – narrow, interacting inland heat 
troughs; T5 – pre-frontal troughs and approaching cold fronts; T6 – upstream closed lows; 
T7 – broad, interacting inland heat troughs; T8 – approaching pre-frontal troughs and cold 
fronts; T9 – offshore low pressure systems; T10 – easterly dips; T11 – non-interacting inland 
heat troughs (adapted from Figure 4 Theobald et al, in review, 2015). 
Fig. 3. Relative humidity at 700 hPa (coloured contours, %) and wind vectors at 700 hPa 
(black arrows) for each synoptic type. Values indicate mean annual precipitation from each 
type between 1958 and 2012 (adapted from Theobald et al, in review 2015 their Figure 8). 
Fig. 4. Monthly frequency of each synoptic type as a percentage of total occurrences of each 
synoptic type over the study period 1958 - 2012. The total number of occurrences, n, are 
also shown.  
Fig. 5. (a) Annual frequency of occurrence of all precipitation days ≥ 1 mm (grey line) and 
precipitation days ≥ 10 mm (black line); (b) annual precipitation of all precipitation days ≥ 1 
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mm (grey line) and precipitation days ≥ 10 mm (black line). Trends per decade, m, are 
shown.  
Fig. 6. Seasonal trends (per decade) in (a) frequency of occurrence of all precipitation days ≥ 
1 mm (light grey bar) and precipitation days ≥ 10 mm (dark grey bar); (b) precipitation of all 
days ≥ 1 mm (light grey bar) and days ≥ 10 mm (dark grey bar). Crosses indicate trends 
significant at 90%.  
Fig. 7. Linear trends in monthly precipitation accumulation per decade (precipitation days ≥ 
10 mm) for each synoptic type (1 – 11), precipitation from all synoptic types combined, C, 
and precipitation from all days ≥ 1 mm, All. Asterisks (crosses) indicate significance at 95% 
(90%).  
Fig. 8. As Fig. 7, but for precipitation intensity trends per decade. 
Fig. 9. As Fig. 7, but for frequency trend per decade. 
Fig. 10. Daily  precipitation associated with precipitation days ≥ 10 mm.  
Trend per decade, m is shown, with an asterisk denoting significance at 95% level. 
Fig. 11. (a) annual frequency of days on which 90th percentile is exceeded; (b) mean daily 
precipitation in each year, mm, from extreme high days and (c) frequency of occurrence of 
each synoptic type on precipitation days >= 10 mm (light grey) and extreme high days (dark 
grey), %. Trends per decade, m are shown. Crosses indicate trends significant at 90%. 
Fig.12 Spatial trends in (a) MSLP, (b) 1000 – 500 hPa thickness, (c, e, g) humidity, RH and (d, 
f, h) temperature, T  (coloured contours) over the analysis area shown in Fig. 1(a), for all 
precipitation days ≥ 10 mm. Data have been standardised to take into account the seasonal 
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cycle. Significance at 95% level is shown as stippled areas. Note that for humidity, positive 
(negative) trends are depicted by blue (red) colours. 
 
Tables 
Table 1. Summary description of key circulation features and moisture pathways for each 
synoptic type. Directional information is given by the standard compass point notation – 
north (N), west (W), south (S), and east (E). 
Table 2. Timing of change-points identified in the monthly precipitation time series. 
Italicised entries denote change-points corresponding to a linear trend of the same sign. 
Entries in bold denote a corresponding significant trend of the same sign. Letters in brackets 
denote corresponding step-changes in frequency (F) and intensity (I). 
Table 3. Mean teleconnection value (ENSO (SOI), IOD (DMI) and SAM) associated with each 
synoptic type, and number of occurrences, n, for precipitation days ≥ 10 mm and extreme 
high days (> 90th percentile; in brackets). DMI values were calculated for May – November 
only. 
Table 4. Mean monthly precipitation (for precipitation days ≥ 1 mm and ≥ 10mm) for 
positive and negative phases of ENSO, IOD and SAM. These data indicate on a broad scale 
how precipitation varies in accordance with different teleconnection phases and 
combinations. Whilst mean precipitation is not calculated here on a seasonal basis, the IOD 
is only considered for the May – November period and as such demonstrates a seasonal 
dependency of precipitation on IOD. 
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Table 1. Summary description of key circulation features and moisture pathways for each 
synoptic type. Directional information is given by the standard compass point notation – 
north (N), west (W), south (S), and east (E). 
Syno
ptic 
type Synoptic Summary Moisture pathway 
T1 Embedded cold front. Cold core. Southern Ocean, no tropical 
connection 
 
T2 Closed lows, including cut off lows. Cold core. Southern Ocean 850 hPa, NW 
tropical 700 hPa 
   
T3 Inland heat trough aligned N-S. Warm core. NE tropical 850 - 500 hPa 
 
T4 Narrow inland heat trough aligned NW-SE 
interacting with low pressure system S of region; 
some NWCBs. Warm core. 
Southern Ocean and NE 
tropical 850 hPa; NW tropical 
700 - 500 hPa 
T5 Pre-frontal airflow assoc. with embedded lows. 
Cold core. 
Southern Ocean, no tropical 
connection 
 
T6 Approaching closed and cut off lows. Cold core. Southern Ocean 850 hPa, NW 
tropical 700 - 500 hPa 
 
T7 Broad inland heat trough aligned NW-SE interacting 
with low pressure system SW of region. Warm core. 
NE tropical 850 hPa, NW 
tropical 700 - 500 hPa 
T8 Pre-frontal airflow. NWCBs. Warm core. Southern Ocean 850 hPa, NW 
tropical 700 - 500 hPa 
T9 Offshore low pressure centres, incl. East Coast 
Lows. Cold core. 
Tasman Sea, no tropical 
connection 
 
T10 Inland low pressure centre. Easterly dips. Cold core. NE tropical 850 - 500 hPa 
 
T11 Inland heat trough aligned NW-SE; low pressure 
centres over Central Australia. Some NWCBs. Warm 
core. 
NW tropical 850 - 500 hPa 
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Table 2. Timing of change-points identified in the monthly precipitation time series. 
Italicised entries denote change-points corresponding to a linear trend of the same sign. 
Entries in bold denote a corresponding significant trend of the same sign. Letters in brackets 
denote corresponding step-changes in frequency (F) and intensity (I).  
Synoptic Type Change-points (upwards) Change-points (downwards) 
T1 
 
Jan 1992 (I), Sep 2002, Oct 2002 (I) 
T2 Jun 1969 
 T3 Jan 1991 
 T4 
 
Jan 1997 (F) 
T5 Jun 1989 (F) 
 T7 Mar 1997 (F, I) Jun 2002 (I) 
T8 Sep 1997 
 T11   Oct 1973 (I) 
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Table 3. Mean teleconnection value (ENSO (SOI), IOD (DMI) and SAM) associated with each 
synoptic type, and number of occurrences, n, for precipitation days ≥ 10 mm and extreme 
high days (> 90th percentile; in brackets). DMI values were calculated for May – November 
only. Asterisks indicate values are significantly different from random clusters.    
Synoptic Type 
                        
SOI DMI SAM 
Absolute 
frequency, n 
1 -0.25 (5.65)* 0.08 (0.09) -0.69 (-1.50)* 358 (2) 
2 0.90 (0.81) 0.07 (-0.06) -0.01 (-0.33) 388 (18) 
3 1.85 (4.64) 0.10 (0.05) 0.30 (0.40)* 294 (19) 
4 0.73 (5.01) 0.09 (0.02) 0.08 (0.65)* 332 (34) 
5 -0.30 (-0.98)* 0.11 (0.16) -0.37 (-0.25)* 362 (26) 
6 1.19 (0.29) 0.06 (0.12) -0.11 (0.07) 331 (62) 
7 0.75 (4.28) 0.15 (0.19)* 0.20 (0.28)* 354 (52) 
8 1.61 (3.42)* 0.04 (-0.01)* -0.19 (0.14) 370 (49) 
9 1.00 (3.27) 0.08 (0.14)* 0.14 (0.17) 250 (19) 
10 1.27 (1.27) 0.10 (0.04) 0.25 (-0.08)* 214 (39) 
11 0.62 (2.31)* 0.09 (0.15) 0.04 (-0.28)* 182 (24) 
   Total days: 3435 
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Table 4. Mean monthly precipitation (for precipitation days ≥ 1 mm and ≥ 10mm) for 
positive and negative phases of ENSO, IOD and SAM. These data indicate on a broad scale 
how precipitation varies in accordance with different teleconnection phases and 
combinations. Whilst mean precipitation is not calculated here on a seasonal basis, the IOD 
is only considered for the May – November period and as such demonstrates a seasonal 
dependency of precipitation on IOD.  
Phase 
mean monthly precipitation, mm, 
precipitation days ≥ 1mm 
mean monthly precipitation, mm 
precipitation days ≥ 10 mm 
 No. of 
months 
El Niño 74.3* 57.9*   87 
La Niña 111.4* 94.3*   86 
IOD + 82.3* 64.1*   81 
IOD - 140.4* 119.4*  21 
El Niño & IOD + 67.0* 51.3*  31 
La Niña & IOD - 176.4* 155.5*  4 
SAM + 81.4 66.2  83 
SAM - 94.4 75.1  92 
SAM + & La Niña 85.5 74.3  26 
SAM - & La Niña 106.5 86.8  18 
SAM - & El Niño 89.3 64.9  22 
SAM + & El Niño 82.5* 59.7*  13 
SAM + & IOD - 104.4 83.2  3 
SAM + & IOD + 78.9 58.6  12 
SAM - & IOD – 125.8 102.3  4 
SAM - & IOD + 81.4* 66.3*  10 
                                                                                                         Total months considered = 455 
* The total number of months does not equal the sum of months in each category since 
some months feature in more than one category.        
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Highlights 
 Frequency of precipitation days generating ≥ 10 mm over the period 1958 – 2012 is 
decreasing. 
 Precipitation generated from those days is increasing, suggesting that more intense 
precipitation associated with climate change may already be manifesting. 
 Significant reductions in austral autumn months precipitation contribute to an overall cool-
season decline, linked to poleward expansion of sub-tropical dry zone. 
 Increase in precipitation amount and intensity during warmer months indicates changing 
precipitation regime with increasing reliance on warmer months for replenishment of water 
storages.  
 Implications for agriculture, water management and policy are apparent.  
